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Abstract Particulate composites are widely used in the
materials world. An understanding of their damage beha-
viour under a variety of loading conditions is necessary to
inform models of their response to external stimuli. In the
present experimental study, fine and coarse grained RDX-
HTPB composites have been used to investigate the effect
of loading rate on the degree of damage produced in
polymer bonded explosives subjected to varying degrees of
uniaxial compression. High strain rate loading (4 9
103 s-1) was achieved using a direct impact Hopkinson
pressure bar and low strain rate loading (1 9 10-2 s-1)
using an Instron mechanical testing machine. The causal
metrics are the degree to which the samples were strained
and the mechanical energy expended in straining them. The
damage metric is the residual low rate compressive mod-
ulus of the samples. The quantitative, physically based,
results discussed in terms of the Porter-Gould activated
debonding damage model clearly demonstrate that for both
fine and coarse fills there is a marked reduction in residual
moduli as a function of imposed strain, and substantially
less specific energy is required to cause the same level of
damage at the lower strain-rate. In the case of the coarse
grained composite there is some evidence for a change in
damage mechanism at the higher strain-rate. We obtain a
value for the measured work of adhesion and a measure of
the effective modulus local to the damage site, as damage
is actually occurring. The observed underlying behaviour
should be broadly applicable to particulate composites,
whenever stiff filler particles are held in a viscoelastic
matrix.
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Introduction
Particulate composites are widely used in the materials
world, and in particular polymer bonded particulate com-
posites are one of the most common types of consolidated
energetic material. Such materials are typically composed of
crystalline organic energetic filler particles bound in a
plasticized polymeric binder system. They are intended to
initiate only in response to an intentional stimulus, however,
when these materials are subjected to mechanical insult, the
micromechanical changes which occur within them (dam-
age) have been shown to increase their sensitivity to further
stimuli, and thus the likelihood of unintended reaction [1, 2].
Furthermore, any reaction that does occur is likely to be
more violent in nature [3, 4]. Gaining a thorough under-
standing of the nature of mechanical damage, and the factors
which influence its extent, is therefore of great importance in
ensuring the safe usage of such materials.
Above the glass transition condition of the polymer
matrix, an important damage mechanism in polymer bonded
explosives (PBXs) has been identified as debonding of filler
particles from the binder system [5–7]; it is specifically this
process which is addressed in the current study. Broadly,
damage (debonding) in PBXs can be modelled either with
regard to the mesoscale, with explicit representation of the
microstructure and by prescribing locally varying properties
[8–10], or else by a continuum representation. The former
approach is necessarily computationally intensive and
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therefore, for the sake of simplicity in the current experi-
mental study, we adopt the latter approach. In particular, we
make use of the physically based Porter-Gould damage
model which was especially developed to facilitate predic-
tive modelling of such composites [11] by describing the
effect of damage evolution on the elastic modulus of a PBX
in terms of debonding. The basis for the model is the con-
tinuum damage mechanics result [12] that the residual
Young’s modulus, ER, can be expected to degrade from the
initial modulus, E0, as a function of a damage parameter D
(0D 1) as
ER Dð Þ ¼ 1 Dð ÞE0: ð1Þ
Specifically, the Porter-Gould damage model assumes that
the mechanical energy delivered during a damage event acts
to successively debond filler particles at an increasing (but
finite) number of damage sites which are distributed homo-
geneously throughout the material, and hence to reduce the
stiffness of the composite. Thus D takes on a meaning which
relates to the probability of a particle being debonded, a
process described by a simple Arrhenius relation comparing
the specific mechanical energy imparted to the sample, w, to
a damage activation energy term, w0, given by
ER wð Þ ¼ E0  ELð Þ 1 exp wo
w
 h i
þ EL; ð2Þ
where EL describes a limiting modulus. Physically EL
corresponds to the state where all the filler particles which
can debond have done so, and reinforcement is at a mini-
mum, but the sample retains some residual (limiting)
stiffness.
The term wo can be associated with a Griffith type
energy balance between the change in stored strain energy,
the cost of destroying interface, and the work done in doing
so [13]. A common conclusion in consideration of the
debonding problem [14–16] is that
w0 / c _eð Þ
r
; ð3Þ
where r is the radius of the filler particle and c _eð Þ is the
measured surface energy required to destroy the interface.
The term c _eð Þ is found to be equal to the thermodynamic
work of adhesion magnified by the viscous loss in the binder
which, above the glass transition condition, increases with
strain rate _e [17–19]. Equation (2) can be equivalently re-cast
on the basis of strain e, making use of the identity w ¼ Ee2,
ER eð Þ ¼ E0  ELð Þ 1 exp  e
2
0
e2
  
þ EL; ð4Þ
where e0 takes on the meaning of an activation strain, as
per the study of Siviour et al. [16].
It follows from Eqs. (2) and (3) that we expect that the
character of damage should dependent on strain-rate. Some
insight into the expected behaviour can be obtained by
considering the loss tangent of the HTPB binder used in the
current study, obtained by dynamic mechanical analysis
(DMA) at 1 Hz as a function of temperature, which is shown
in Fig. 1. The data shows that viscous loss, as quantified by
tan(d) at low rates and room temperatures is small. A gen-
erally applicable result regarding time–temperature super-
position for polymers is that in relation to the glass transition
event, a decade increase in strain rate can be considered
approximately equivalent to a 4 K reduction in temperature
[20]. In the present study, we inflict damage at room tem-
perature and at a low and a high strain rate, separated by five
orders of magnitude (1 9 10-2 and 4 9 103 s-1), which
can therefore be considered to be approximately equivalent
to a 20 K reduction in temperature (or vice versa). Taken
from Fig. 1, tan(d) approximately doubles in value when the
temperature is reduced from 295 to 275 K (the small dif-
ference in strain rates between a DMA test at 1 Hz and
0.1 % amplitude and a uniaxial test at 1 9 10-2 s-1 can be
ignored). Therefore, in relative terms, it is reasonable to
expect that the loss factor might approximately double over
the range of strain rates used in the present study (1 9 10-2
to 4 9 103 s-1). However, in absolute terms, the loss
remains small (only increasing from approximately 0.09–
0.15). A result of the above is that we should expect a
positive correlation between tan(d) and c _eð Þ (e.g. as reported
by Charrault et al. [21]) and w0. However, at the present
time the precise mapping is not well understood.
The present study was motivated by examining the
above arguments:
Fig. 1 Loss tangent of the HTPB binder measured by DMA at 1 Hz.
The value of tan(d) rises from 0.09 to 0.15 as temperature is decreased
from 295 to 275 K. On the basis of time–temperature superposition, and
an equivalence factor of 4 K per decade of strain rate [20], it is reasonable
to expect an equivalent increase in tan(d) at room temperature between
the strain rates of 1 9 10-2 to 4 9 103 s-1 used in the current study
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– Equations (2) and (4) suggest the residual modulus
should fall as more mechanical energy is deposited into
the samples (or equivalently the more they are strained).
– Equations (2) and (3) and the data of Fig. 1 suggest a
positive correlation between _e and w0, and therefore for
a fixed composition the amount of energy required to
cause a certain degree of damage should be greater at
higher strain rates.
– Equation (3) suggests we should expect a negative
correlation between and r and w0, and therefore for a
fixed strain rate composites with coarse filler particles
should damage more readily than those with fine fills.
Whilst the above arguments suggest trends, they are not
quantitatively predictive. In particular, the magnitude of
the effect of strain rate on the damage mechanism(s) is not
currently well understood. To this end, we report experi-
ments on two RDX-HTPB composites with different,
nominally monomodal, particle size distributions. These
samples have been initially compressed (damaged) either at
a low (1 9 10-2 s-1) or a high (4 9 103 s-1) strain rate,
and then re-tested at the low strain-rate and their residual
compressive moduli measured. The resulting residual
moduli are fitted using the Porter-Gould damage model to
provide a framework for further discussion.
Experimental Method
The two RDX-HTPB (cyclotrimethylenetrinitramine—hy-
droxyl-terminated polybutadiene) sample types used in this
study were produced at QinetiQ Fort Halstead. QRX214
has a 0.60 volume fraction of fine RDX particles which can
be approximated by a normal distribution of mean 43 lm
and standard deviation 31 lm. QRX217 has a 0.54 volume
fraction of coarse RDX particles which can be approxi-
mated by a log-normal distribution of mean 275 lm and
standard deviation 125 lm. The HTPB binder is constituted
as shown in Table 1. The theoretical densities of the two
material types are 1484 and 1432 kg m-3 for QRX214 and
QRX217 respectively. Cylindrical samples, 5 mm in
diameter, were punched from 5 mm thick sheets. The
dimensions of each sample were measured on an optical
comparator to an accuracy of ±0.05 mm before any
mechanical testing. All the experiments described were
performed at ambient room temperature *294 K.
Low rate damage loading was performed on a com-
mercial screw-driven Instron mechanical testing machine
(model 5500); samples were compressed at a rate of
1 9 10-2 s-1 over a range of different strains up to a
maximum of approximately 0.6. High rate damage loading
was achieved using a direct impact Hopkinson pressure bar
(DIHPB), which was preferred over a split Hopkinson
pressure bar (SHPB) arrangement because of the higher
sample strains which can be practicably achieved. The
system was comprised of duralumin alloy bars of 0.5 inch
diameter. The striker bar, impact bar and momentum trap
were 0.1, 1.0, and 0.3 m length respectively. A pair of
semiconductor strain gauges (Kulite semiconductor prod-
ucts AFP 500-090; gauge length 1.524 mm; temporal res-
olution mounted on duralumin 310 ns) were mounted at
diametrically opposing positions (to eliminate any spurious
signal which may be caused by unwanted bending modes)
at the mid-point of the impact bar, to capture information
about the deformation of the samples. The change in
resistance of the gauges due to strain (gauge factor *140)
was converted to a voltage measurable with an oscilloscope
(Tektronix TDS540) using a potential divider; full details
of the circuit are given in Siviour [22].
In a conventionally instrumented direct impact system,
such as the one described in the current study, the only
wave to be considered is the one transmitted through the
sample. As there is no information about the force at the
front of the sample, stress equilibrium between the front
and back faces must be assumed in order to obtain an
expression for the engineering stress r in the sample a time
t, which is given by
r tð Þ ¼ FT tð Þ
A0
; ð5Þ
where FT is the transmitted force obtained from the cali-
brated strain gauges and A0 is the cross-sectional area of
the sample. The strain of the sample at time t is dependent
on the velocity of the striker bar at that point in time. An
expression for the length of the sample at a time after
impact by the striker bar, l(t), was originally published by
Pope and Field [23] and is given by
l tð Þ ¼ l0  v0t þ 2
zb
r
t
0
FT t
0ð Þdt0; ð6Þ
where l0 is the original length of the sample, v0 is the
velocity of the striker bar immediately prior to impact
(accurately measured using a laser interruption scheme)
and zb is the impedance of the bar material. Equation (6) is
only valid until the reflected wave from the rear of the
striker bar reaches the specimen; for this reason and
because of the need for relative large sample strains, a
Table 1 Constitution of the HTPB binder
HTPB constituents % by mass
HTPB (uncured polymer) 60.3
DOS (plasticizer) 32.9
IPDI (curing agent) 5.6
Lecithin (wetting agent) 0.8
Lowinox (antioxidant) 0.4
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striker bar velocity of approximately 20 m s-1 was used.
The engineering strain in the sample, e, is simply given by
e tð Þ ¼ 1 l tð Þ
l0
: ð7Þ
In the above analysis we have made use of the
unphysical assumption of instantaneous stress equilibrium
within the sample. In practice a commonly accepted
approximation is that a minimum of three stress wave
reverberations within the sample are required before
equilibrium is achieved [24]. For the 5 mm length speci-
mens used in the current study, struck at 20 m s-1, the
samples would have only accumulated approximately 3 %
strain in that time. This figure is supported by a very recent
study conducted by members of our research group at the
Cavendish Laboratory; Lea and Jardine [25] make use of a
direct impact bar instrumented with photon Doppler
velocimetry (PDV) which additionally allows for the stress
waves in the striker bar to be measured. Such information
is not accessible using strain-gauges and the conventional
one-wave approach of the current study. Their results
indicate (for soft metal samples at least) that the conven-
tional one-wave analysis rapidly approaches their two-
wave analysis (the greatest difference is below a strain of
approximately 2 %, where the one-wave analysis consis-
tently under predicts the sample stress) which in turn is
well matched to conventional SHPB data analysed using
the standard three-wave method. In terms of the work done
on the samples, which is the main quantity of interest here
(integral of stress–strain), over the strain range 0–0.6, their
conventional one-wave and more rigorous two-wave data
differ by less than 2 %. At the time the data of the current
study were collected the two-wave experimental approach
had not yet been developed, and whilst we might anticipate
polymer (or PBX) samples might reach equilibrium
slightly later (due to their lower mechanical impedances),
the differences are not expected to significantly affect the
conclusions of the current study.
In order to physically limit the strain in the samples
damaged using the DIHPB approach, duralumin collars of
specific lengths were placed around the samples; once the
target strain was reached the collars prevented any further
deformation by the initial loading pulse, or reloading by any
subsequent reverberations within the bars. The inner diam-
eters of the collars were sufficiently large that they did not
impede radial expansion of the samples, collar lengths were
chosen to permit a range of strains up to a maximum value
of approximately 0.6, as per the low rate damage samples.
The strains to which the samples were taken, and the
energy expended in reaching those strains (calculated by
numerically integrating the stress–strains curves) form our
two causal damage metrics. The low-rate residual modulus
was chosen as a measure of the damaged state. The choice
was informed by the results reported by Drodge and Wil-
liamson [26], which showed a clear distinction between
damage measured post factum by ‘active’ techniques such
as moduli measurements via uniaxial compression or
dynamic mechanical analysis (DMA), and damage mea-
sured by ‘passive’ techniques such as a measure of density,
thermal conductivity, (or tomography). The ‘active’ tech-
niques were found to be much more sensitive indicators of
the presence of damage than the ‘passive’ techniques. It
was concluded that the increased sensitivity is fundamen-
tally due to crack re-closure at debond sites; a phenomenon
which is most likely to be relevant to cross-linked binder
systems such as HTPB which are largely elastic in nature.
Such closed cracks cannot support tensile loads (a mea-
sureable loss of stiffness in the composite results), but will
otherwise not contribute to a loss of density or connectivity
(little to no measureable reduction in density or thermal
conduction). The contrast between ‘active’ and ‘passive’
detection techniques was found to be most acute where fine
filler particles were present.
Post-damage loading, the dimensions were re-measured,
and the samples were re-tested on the Instron at the low
rate of 1 9 10-2 s-1, parallel to the original loading
direction, this being a more practical choice than evalua-
tion by DMA given the sample geometry. A residual
modulus was measured for each sample from the initial
linear part of the stress–strain curve, which was recorded as
the damage metric. A detailed description of the experi-
mental procedure is also given by Boddy [27]. In all cases
the samples were lubricated using paraffin wax, which has
previously been shown to result in very low friction coef-
ficients when used with polymer samples [28].
In the context of discussing the results we use the term
‘causal metrics’ to describe the measured quantities that
stimulate damage (in this study, the degree to which the
samples were strained and the mechanical energy expended
in straining them) and the term ‘damage metrics’ to
describe the measured quantities that characterise damage
(in this study, the residual low rate compressive modulus of
the samples when re-tested parallel to the original loading
direction).
Results and Discussion
Figure 2 shows the pristine response of the two material
types at the low and high strain rates used in this study, and
demonstrates the greater stiffness of the composites at the
higher rate of strain. Figures 3 and 4 show the evolution of
the compressive stress–strain response of the materials in
response to increasing levels of damage inflicted at the
lower strain rate applied using the Instron screw driven
mechanical testing machine, and Figs. 5 and 6 at the higher
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strain rate using the direct impact Hopkinson pressure bar
apparatus.
It is clear from Figs. 3, 4, 5, and 6 that the residual low
rate moduli (initial linear portion of the stress–strain curves)
decrease with increasing levels of damage, and that their use
as a damage metric is justified. There are other signatures in
the stress-strain responses that become progressively washed
out with increasing damage; most notably the pristine coarse
filled composite has a pronounced local maximum at a strain
of approximately 0.18 and the fine loaded composite simi-
larly has a less pronounced inflection point at approximately
a strain of 0.25. These ‘large strain’ features are related to
damage and a loss of structural integrity, but the forms of
these features are more complex, and their precise attribu-
tion is not obvious, and so are they not considered further in
the present study.
Using data of the form shown in Figs. 3, 4, 5, 6, 7, and 8
show the normalised residual moduli as a function of the
mechanical energy input to the samples in achieving the
imposed strains when damaging the samples at either the
low or the high rate. Figures 9 and 10 show the same
normalised residual moduli as functions of imposed strain.
Figures 7, 8, 9, and 10 clearly show that the residual
moduli fall as more mechanical energy is deposited into the
samples (or equivalently the more they are strained). It is
also clear that under the same loading conditions, the
composite with the coarse filler particles damages more
readily than that with the fine fill.
The fits to the data shown in Figs. 7, 8, 9, and 10 use the
Porter-Gould model as per Eqs. (2) and (4), normalised by
the moduli of the undamaged material. The fits were cal-
culated simultaneously using a Bayesian approach, allowing
w0 and e0 to be free parameters, but insisting that EL be
common to both the energy and strain based descriptions.
The coefficients for the optimal fits (which were found to be
unique) are given in Table 2. In general terms, there is good
agreement between the data and the fitted models, but there
is a tendency for the models to over-predict the residual
Fig. 2 Engineering stress–strain response of the pristine composites
at the two strain rates of interest, 4 9 103 s-1 (upper curves) and
1 9 10-2 s-1 (lower curves). Data obtained using a direct impact
Hopkinson pressure bar apparatus and an Instron screw driven
mechanical testing machine respectively. Three repeat measurements
are shown for each situation
Fig. 3 Low rate compressive response of fine particle loaded QRX
214 following increasingly larger levels of damage inflicted at the
lower rate of strain. Each curve has been offset by 0.2 strain for
clarity. The energy input (w) and maximum strain (str) that the
samples experienced during the damage phase are shown in the
legend. The initial gradient (modulus) can be seen to decrease with
increasing damage
Fig. 4 Low rate compressive response of coarse particle loaded QRX
217 following increasingly larger levels of damage inflicted at the
lower rate of strain. Each curve has been offset by 0.2 strain for
clarity. The energy input (w) and maximum strain (str) that the
samples experienced during the damage phase are shown in the
legend. The initial gradient (modulus) can be seen to decrease with
increasing damage
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moduli at low levels of damage (particularly evident for the
fine fill, low rate, data as a function of strain, shown in
Fig. 9) and to also over-predict the residual moduli for high
levels of damage (particularly evident for the coarse fill, low
rate data as a function of specific energy, shown in Fig. 8).
Possible reasons might be that w0 and e0 are not constant,
but may in fact vary with damage level, or that there are
additional damage mechanisms operative which have a
comparable magnitude to the effect of debonding.
A surprising observation which can be made for both
materials is that the limiting moduli EL, representing the
residual modulus for the fully damaged state, appears to be
greater when the damage is inflicted at the higher strain
rate. We would expect the limiting moduli to represent the
Fig. 5 Low rate compressive response of fine particle loaded QRX
214 following increasingly larger levels of damage inflicted at the
higher rate of strain. Each curve has been offset by 0.2 strain for
clarity. The energy input (w) and maximum strain (str) that the
samples experienced during the damage phase are shown in the
legend. The initial gradient (modulus) can be seen to decrease with
increasing damage
Fig. 6 Low rate compressive response of coarse particle loaded QRX
217 following increasingly larger levels of damage inflicted at the
higher rate of strain. Each curve has been offset by 0.2 strain for
clarity. The energy input (w) and maximum strain (str) that the
samples experienced during the damage phase are shown in the
legend. The initial gradient (modulus) can be seen to decrease with
increasing damage
Fig. 7 Normalised residual low rate moduli for the fine loaded
composite QRX214 as a function of specific energy input during
deformation at the high and low rates. The fits to the data are the
Porter-Gould model as per Eq. (2) normalised by the initial modulus.
The error on the data points is approximately 5 %
Fig. 8 Normalised residual low rate moduli for the coarse loaded
composite QRX217 as a function of specific energy input during
deformation at the high and low rates. The fits to the data are the
Porter-Gould model as per Eq. (2) normalised by the initial modulus.
The error on the data points is approximately 5 %
162 J. dynamic behavior mater. (2016) 2:157–165
123
condition of the samples when all the particles have
become debonded (in the limit of large energy expended on
the samples), a process we expect to be independent of the
strain rate at which damage occurs. There are (at least) two
plausible explanations:
– Within the stated physical model, the interpretation is
that there is a fraction of particles which cannot be
debonded, regardless of how much damage is applied,
and that fraction is greater at higher strain rates. The
effect could be related to the increased levels of inertial
confinement that the samples see at higher strain rates,
since hydrostatic confinement is known to supress
damage formation [29].
– Outside of the model as stated, is the possibility that at
low strain rates there are additional damage mechanisms
operative, which have a comparable magnitude of effect
to debonding. One such candidate could be rupture of
the binder between debonding sites, although this is
normally considered energetically unfavourable [5].
Figures 7 and 8 and the data of Table 2 clearly show
that for both fine and coarse loaded materials the
mechanical energy required to produce a particular level of
damage is dependent on the rate at which the sample is
loaded. At the lower strain-rate substantially less specific
energy is required to inflict the same level of damage. In
the case of fine loaded QRX214, this can be attributed to
both an increased damage activation energy, and a reduced
limiting modulus. However, for coarse loaded QRX217,
the cause is the reduced limiting modulus alone, and we
note that the activation energy has actually decreased with
loading rate. This observation in turn leads to a lower than
expected resilience to damage at the higher strain rate.
Considered as a function of imposed strain, Figs. 9 and
10, the fits to the data corresponding to damage at high and
low rates are not so easily distinguished; the fits cross at a
strain of approximately 0.4–0.5, and there is considerable
overlap of data points over much of the strain range. A
consequence of the cross-over and overlap is an apparent
insensitivity to strain-rate when using imposed strain as a
causal metric for damage.
In addition to discussion of the fitted quantities, there are
two further parameters which may be inferred. The first is
the value of c _eð Þ which can be calculated from the analysis
of Nicholson [14], by noting that for an incompressible
material (which is a reasonable approximation for many
rubbers) the constant of proportionality required to convert
Eq. (3) into an equality is 24
9
. The calculated values of c _eð Þ
are given in Table 2. We note that for both material types
the value of c _eð Þ is of order a few J m-2 and this measured
work of adhesion is approximately two orders of magnitude
greater than the so-called thermodynamic values, which are
usually of order a few tens of mJ m-2. The observation is in
keeping with our experience of adhesion experiments [30]
and can be explained by the magnifying effect of viscous
loss, as discussed above. In the case of the fine loaded
composite the value of c _eð Þ increases with strain rate, in
accordance with our understanding of the relationship to,
and behaviour of, tan(d). However the rise in c _eð Þ is a rel-
atively modest*20 % compared to the*70 % increase in
Fig. 9 Normalised residual low rate moduli for the fine loaded
composite QRX214 as a function of imposed strain during deforma-
tion at the high and low rates. The fits to the data are the Porter-Gould
model as per Eq. (4) normalised by the initial modulus. The error on
the data points is approximately 5 %
Fig. 10 Normalised residual low rate moduli for the coarse loaded
composite QRX217 as a function of imposed strain during deforma-
tion at the high and low rates. The fits to the data are the Porter-Gould
model as per Eq. (4) normalised by the initial modulus. The error on
the data points is approximately 5 %
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tan(d). In the case of coarse loaded composite, the value of
c _eð Þ decreases with strain rate and there is no ready expla-
nation, other than that it might be indicative a change in
failure mechanism. One such candidate mechanism could be
a change from partial to full debonding of the particles (until
now we have only considered that the individual particles
are either fully bonded or fully debonded).
The second inferred quantity is the modulus which is
given by w0
e2
0
and we have designated Edam. The physical
interpretation of Edam is an effective modulus local to the
damage site, as damage is taking place. Note that the value
of Edam can be inferred separately for both the low rate of
loading and the high rate loading; the latter is particularly
interesting because it is typically the case that high rate
moduli are experimentally difficult to obtain, due to con-
cerns over sample force-equilibrium at low strains [24]. We
note that the low rate value of Edam is significantly less than
the overall composite modulus at the same strain rate and
that it increases by an order of magnitude at the higher
strain rate. The latter is not surprising as polymer bonded
explosives are known to stiffen with strain-rate [31] and the
self-evident result of the data shown in Fig. 2.
Conclusions and Outlook
The major achievement of our study has been a clear
experimental demonstration that the rate of compressive
loading has a strong effect on damage evolution in RDX-
HTPB composite materials. Specifically we conclude that
significantly less specific energy is required to inflict the
same level of debonding damage at lower strain rates. This
result has been shown quantitatively using simple, physi-
cally based, causal and damage metrics on well charac-
terised materials, and as such these results form a good basis
for the development and validation of models of the same.
We find that reasonable fits to the data under all condi-
tions studied can be obtained using the Porter-Gould damage
model and that a number of testable consequences of the
model and associated relations are correctly captured.
Specifically, the residual moduli fall as more mechanical
energy is deposited into the samples (or equivalently the
more they are strained), the composite with the coarse filler
particles damages more readily than that with the fine fill,
and substantially less energy is required to inflict the same
level of damage at the lower strain-rate. However, in the
case of the coarse grained composite, the data indicates that
the damage activation energy (and by extension measured
work of adhesion) has actually decreased with increasing
strain rate. The finding is contrary to our expectations, and
may indicate that for this material that there is a change in
the physical nature of the damage mechanism(s) operative
when the strain rate is increased. Presumably, any such
change in damage mechanism is related to the increased
mean particle size of the fill, which is the only substantial
physical difference between the sample types. In order to
take this framework of understanding forward, it would be
useful to test whether there are in fact damage mechanisms
occurring other than total debonding, and if so what are the
relative significances. Candidate alternative mechanisms are
partial (as opposed to total) debonding, binder rupture and
filler particle cracking. It would also be useful to understand
why the limiting moduli are greater at the higher strain rate,
and whether or not this is an expected consequence of
increased levels of inertial confinement.
We consider that the underlying behaviour should be
quite generally applicable to particulate composites, when-
ever stiff filler particles are held in a viscoelastic matrix, and
as such the general observations should be of wide utility.
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Table 2 Coefficients of the Porter-Gould damage model fits to the
data of Figs. 2, 3, 4, and 5 as per Eqs. (2) and (4) normalised by the
initial moduli. The fits were calculated simultaneously using a
Bayesian approach allowing wo and eo to be varied freely but insisting
that EL be common to both the energy and strain based descriptions.
The coefficients for the optimal fits were found to be unique. Also
given are the initial moduli for the (physically) small samples used in
the current study and inferred quantities Edam and c _eð Þ which are the
effective moduli during the damage process and the measured works
of adhesion respectively
Composite Damage strain
rate (s-1)
E0 (MPa) Fitted quantities Inferred quantities
wo (J m
-3) e0 EL/E0 at (10
-2 s-1) Edam (MPa) c _eð Þ
(J m-2)
QRX214 fine 1 9 10-2 6.4 ± 0.3 (20 ± 3) 9 104 0.35 ± 0.02 0.10 ± 0.6 1.6 ± 0.3 1.6 ± 0.5
QRX214 fine 4 9 10?3 – (23 ± 7) 9 104 0.14 ± 0.02 0.48 ± 0.03 12 ± 5 1.9 ± 0.5
QRX217 coarse 1 9 10-2 7.8 ± 0.5 (4.7 ± 0.6) 9 104 0.14 ± 0.01 0.10 ± 0.03 2.4 ± 0.5 2.4 ± 0.5
QRX217 coarse 4 9 10?3 – (4 ± 1) 9 104 0.06 ± 0.01 0.21 ± 0.02 11 ± 5 2.0 ± 0.5
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